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Abstract 
Since micro- and nanostructures for photon management are of increasing importance in novel high efficiency solar 
cell concepts, structuring techniques with up-scaling potential play a key role for the realization of these concepts.  
Interference lithography is reviewed as a technology for the origination of fine-tailored two and three dimensional 
photonic structures on large areas. With the interference pattern of two or more coherent waves, a wide variety of 
structures can be generated on areas of up to 1.2 x 1.2 m². In combination with subsequent microreplication steps, the 
industrially feasible production of elaborate structures is possible. 
After the review of the basic technology, three novel application examples are presented: (1) honeycomb structures 
for the front side texturization via nanoimprint lithography, (2) diffractive back side gratings for absorption 
enhancement in the spectral region near the band gap of silicon, and (3) three dimensional photonic crystals as 
elements for visionary solar cell concepts including advanced light trapping schemes and luminescent processes. 
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1. Introduction 
Photon management structures are of increasing importance for solar cells as thinner wafers are used 
and high external quantum efficiencies over the whole usable spectrum are required for high solar cell 
efficiencies [1]. Well known examples are front side textures which work according to the laws of 
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geometric optics [2], but more elaborate photonic structures attract more and more interest. Such 
structures make use of interference and diffraction effects in order to obtain spectral or angular selectivity. 
The formation of microstructures can take place in a self organized way (e.g. random pyramids by 
alkaline etching of c-Si [2] or opaline structures by coating of monodisperse spheres [3]) or by template 
based processes. Here lithographic processes are the key technology. However, many lithographic 
techniques are restricted to relatively small areas (e.g. electron beam lithography). With the capability of 
originating micro- and nanostructures on areas of up to one square meter, interference lithography opens 
up new possibilities for the manufacture of photonic structures. 
2. Interference Lithography 
For the definition of the exposure pattern in interference lithography, no mask is used, but a laser beam 
is split, the resulting coherent beams are expanded and then superimposed on a photoresist coated sample. 
As radiation source we use an argon ion laser emitting at the UV wavelength 363.8 nm. The resulting 
interference pattern is used to expose a photoresist coated substrate, leading to a surface relief after a 
development step.  
There are various ways to modify the exposure and to achieve complex structure geometries: The angle 
between the interfering waves can be changed in order to adjust the resulting structure period, the 
substrate can be tilted in order to achieve asymmetric structures, and the number of interfering waves 
influences the structure type: A two wave interference leads to a stripe pattern, resulting in a lamellar 
profile, three wave interference leads to a hexagonal geometry, four interfering waves can be used to 
originate modulations in three dimensions, and multiple wave interference (caused by inserting a diffuser) 
leads to aperiodic patterns. One additional degree of freedom is the option to combine different exposures. 
So a modulation in two dimensions can be achieved by the superposition of two stripe patterns with a 
rotation of the sample in between. Some of the possible variations of the exposure set-up are indicated in 
fig. 1. 
 
Fig. 1: Schematic sketch of a basic exposure set up for interference lithography (two wave interference). The light blue arrows 
indicate some of the options to generate complex structures using e.g. multiple exposures or tilted samples 
Apart from changing the exposure geometry, important parameters to influence the resulting structures 
are photoresist type (e.g. positive or negative tone photoresist), pre-conditioning of the photoresist (e.g. 
baking steps) and post processing (development). So the strengths of interference lithography are a large 
variety of achievable structure types and profile shapes, structure dimensions reaching from 100 nm to 
100 μm, and seamless structured areas up to 1.2 x 1.2 m² in a single exposure. To achieve this size, we use 
a vibration isolated optical table system consisting of tables with 10 and 12 meters length. To ensure high 
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contrast exposures, the whole system needs to be kept extremely stable during exposure times of up to 5 
hours. For an overview of achievable structures see fig. 2.  
The structures in photoresist, the so called master structures, can serve as etching mask for a pattern 
transfer, as template for infiltration with different materials or they can be replicated via electroplating and 
subsequent replication processes such as nanoimprint lithography (NIL). 
 
a) 
 
b) 
 
c) 
 
d) 
 
e) 
 
f) 
Fig. 2: Structures originated by interference lithography: a) microprism array (two wave interference, tilted substrate),  
b) crossed grating with high aspect ratio (combination of two exposures, each with two waves, sample rotation in between),  
c) microlens array (three wave interference), d) surface-relief diffuser (multi wave interference),  
e) combination structure for enhanced adhesion, inspired by Gecko (three wave interference plus double two wave exposure),  
f) combination structure for Lotus effect surfaces (combination of four exposures with two wave interference). 
3. Application Examples 
3.1. Honeycomb front side textures 
For mc-Si solar cells, maskless processes are used to generate the front side texture in industrial 
processes today. Honeycomb textures have a high potential to increase the absorption of the incident light 
(as applied for the record efficiency for mc-Si of 20.4% [4]).  
For the production of such regular structures, we developed a process chain based on interference 
lithography and NIL. The schematic overview of the process is shown in fig. 3. As starting point, the 
master structure was originated by exposing a positive tone photoresist to the interference pattern of three 
coherent waves on substrates of size 25 x 25 cm2. After development, the resulting profile is a hexagonal 
array of parabolic troughs with a structure period and a profile depth of 8 μm (“positive structure”, fig. 3a 
and fig. 4 left). Afterwards, a flexible stamper was generated by several micro replication steps. Firstly a 
thin conducting metallic layer was sputtered onto the photoresist surface. Starting from this plating base, a 
negative copy was manufactured by nickel electroforming, followed by the manufacture of a positive 
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nickel copy by an additional electroforming step. This positive nickel copy then was used to produce a 
flexible stamper with negative profile (fig. 3b) via cast moulding of an addition-curing 
polydimethylsiloxane (PDMS). Then this stamper can be repetitively used in a UV nanoimprint step to 
pattern etch masks (negative tone photoresist) on silicon wafers (fig. 3 c + d). Finally, this pattern was 
transferred into the silicon by a two step plasma etching process combined with a resist removal step (fig. 
3 e + f and fig. 4 right). With such structures, extremely low reflectivities (weighted reflectance for 
textured mc-Si surface without AR coating: 14.6%) and very high short circuit current densities (jSC 
exceeding 40 mA/cm² for FZ Si) could be achieved. For details about this application, process chain and 
results see references [5,6]. 
 
Fig. 3: Schematic overview of the texturing process by UV-Nanoimprint Lithography. The master structure is originated in positive 
photoresist by interference lithography (a). This master is used to generate a PDMS stamp in a cast moulding process (b). Then UV-
curable resist with low viscosity is deposited on top of a silicon substrate (c). Afterwards the PDMS stamper is pressed into the 
resist, and the resist is cured with UV radiation flashing through the stamper (d). After demoulding the resist layer is used as etching 
mask in the following plasma etching (RIE) process (e). Finally, the remaining resist has to be removed to obtain the textured silicon 
substrate (f). 
 
Fig. 4: SEM micrographs of honeycomb structures. Left: Photoresist master structure after exposure and development. Right: 
Structure in mc-Si (with grain boundary) at the end of the NIL process chain.  
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3.2. Diffractive backside gratings 
Diffractive gratings on the backside of solar cells have been proposed to achieve an effective path 
length increase and consequently an absorption enhancement in the spectral range close to the band gap of 
silicon (  ป 1 - 1.1 μm) [7]. The basic idea is that light in this spectral region is diffracted in a way that it 
propagates almost parallel to the wafer surface (fig. 5).  
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Fig. 5: Basic idea of a backside grating: light incident from near 
normal angles is diffracted in propagation directions nearly 
parallel to the wafer surface. 
Fig. 6: Reflection measurements and absorption enhancement of 
250 μm thick silicon wafers with and without backside grating, 
with a 450 nm thick SiO2 layer and an aluminum back reflector. 
However, to achieve this effect structure periods in the sub-wavelength range are necessary. Wave 
optical simulations for thin crystalline silicon wafer cells have shown that for grating periods between 
300 nm and 1000 nm increased absorption and photocurrent can be expected [8]. The proof of this 
concept could be shown on silicon wafers structured by electron beam lithography (at Friedrich Schiller 
University Jena). For that purpose, gratings of period 300 nm were written on small areas. An increase of 
absorption in the desired spectral range could clearly be demonstrated (fig. 6) [9]. 
In a further step, positive photoresist on silicon wafers was structured by interference lithography using 
two waves. The lamellar photoresist pattern with a period of 300 nm was used as a mask for the following 
plasma etching process (fig. 7). Reflection measurements confirm the expected enhanced absorption for 
wavelengths around 1050 nm. With this, an important step towards the production of diffractive structures 
on wafer scale has been taken. As a next step, interference lithography structures shall be used as master 
structures for NIL processes, opening up the possibility to manufacture diffractive backside structures on 
wafer scale in a high throughput process. 
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Fig. 7: SEM micrographs of diffractive gratings with period 300nm. Left: Photoresist and bottom antireflection coating (BARC) on 
silicon after exposure, development and partial removal of the BARC. Right: Structure in silicon after plasma etching. Some 
remaining fluoropolymer is still visible, which is afterwards removed by a HF dip. 
3.3. Three dimensional photonic crystals 
Photonic crystals show interesting optical properties such as spectral or angular selectivity. With these 
properties, photonic crystals are very promising components for advanced light trapping schemes (path 
length increase beyond Yablonovitch limit [10]), as selective interfaces in solar cell systems or for novel 
concepts using luminescent processes (e.g. fluorescence, up or down conversion).  
However, the manufacture of photonic crystal structures in large areas is not trivial. Therefore a study 
has been performed to investigate the opportunities offered by interference lithography. To this end, 3D 
photonic crystals with an opaline geometry (symmetric or elongated opal structures) have been originated 
by the interference of 4 waves, using the negative-tone photoresist SU-8™ (fig. 8 left). For applications in 
silicon solar cells, photoresist as an organic material is not a very promising choice. However, the 
photoresist structures can be infiltrated with inorganic materials. One proof of concept has been 
performed using an alkaline aqueous solution of SiO2 nanoparticles with an average size of 7 nm (fig. 8 
right). In further experiments, infiltrations with high refractive index materials (such as SiC) or 
luminescent materials shall be performed. To this end, wet chemical processes as well as atomic layer 
deposition shall be employed. 
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Fig. 8: SEM micrographs of elongated opaline photonic crystal structures on glass substrates.  
Left: structure in photoresist. The structure period in the horizontal plane is 654 nm and in the vertical plane 1.56 μm.  
Right: photoresist structure infiltrated with SiO2. Structure period in the horizontal plane 580 nm and in the vertical plane 1 μm.  
4. Conclusions 
Interference lithography is a very versatile technology for the origination of photonic structures. 
Examples for structure dimensions ranging from the micro to the nano scale have been demonstrated. 
Promising applications are front side textures, backside gratings or 3D photonic crystals for visionary 
solar cell concepts. While some of the presented concepts are only a few steps from industrial production, 
others are still on the level of fundamental investigation, opening up exciting possibilities for the future. 
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